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KEY POINTS

� High-quality single nucleotide polymorphism genotyping arrays have in the horse have
been crucial for mapping equine diseases and characterizing equid populations.

� In the past decade, several iterations of commercially available single nucleotide polymor-
phism genotyping arrays with varying densities and technical capabilities have been
available.

� Equine single nucleotide polymorphism chips have been used in association mapping,
population genomics, and imputation.

� Genotype imputation has become a crucial component of improving accuracy and
combining datasets from varying equine single nucleotide polymorphism arrays.
INTRODUCTION

High-quality genomic tools have been integral in understanding genomic architecture
and function in the modern-day horse. The equine genetics community has had a long
tradition of pooling resources to communally develop genomic tools. Since the equine
genome was first sequenced, several iterations of high-throughput genotyping arrays
(commonly called “single nucleotide polymorphism [SNP] chips”) have been devel-
oped and released, enabling rapid and cost-effective genotyping. The first generation
genotyping array (Illumina EquineSNP50 BeadChip; Illumina, San Diego, CA) with
54,602 SNPs was developed using SNPs discovered by limited Sanger sequencing
in a small cohort of 7 horses.1 Soon after, a slightly higher density array (Illumina
EqineSNP70 BeadChip) with 65,157 SNPs was released. Most recently, both the
SNP50 and SNP70 BeadChips have been superseded by the MNEc670 K array, which
surveys 670,805 sites throughout the equine genome using SNPs identified from
whole genome sequencing of a cohort of 153 horses.2 This review highlights the
design of each generation of equine SNP genotyping array, focusing on the data
that were available during development and outlining the efforts and considerations
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in selecting the SNPs chosen for each array. We also outline relevant applications of
equine genotyping arrays along with future prospects and applications.
DESIGN AND IMPLEMENTATION OF EQUINE GENOTYPING ARRAYS

The development of each generation of equine SNP genotyping array has required
a multistep process involving SNP discovery, prioritization based on the feasibility
of probe design, balancing the marker informativeness among breeds of interest,
and, finally, downstream validation and characterization in a cohort of diverse indi-
viduals. Since the equine reference genome was sequenced, 2 major SNP discov-
ery efforts have resulted in 4 equine genotyping arrays being developed. The
development process for each generation of arrays was slightly different, influenced
largely by the genotyping technology available at the time of development, as well
as the wealth of data the equine genetics community was able to collectively pool
together.

Equine SNP50 BeadChip Design

Development of the first-generation EquineSNP50 array (54,602 SNPs) occurred
shortly after the whole genome sequencing of Twilight in 2006 (a female Thorough-
bred), funded by the National Human Genome Research Institute and led by the Broad
Institute. This massive Sanger sequencing project also incorporated an SNP discovery
effort that resequenced 7 individuals at very low coverage, each representing different
breeds (Akhal-Teke, Andalusian, Arabian, Icelandic, Quarter Horse, Standardbred,
and Thoroughbred). These efforts resulted in a pool of approximately 750,000 SNPs
discovered from Twilight in addition to approximately 400,000 SNPs discovered
from the low coverage sequencing of the 7 additional horses. The SNP selection
criteria for inclusion on the array was performed as a single step process that largely
involved assigning scores to each SNP based on their ability to be converted to a reli-
able oligonucleotide probe for the Illumina Infinium II assay. From the pool of approx-
imately 1.1 million candidate SNPs from Twilight and the 7 additional horses,
approximately 60,000 SNPs were suitable for array design based on their ability to
be converted to oligonucleotide probes.
Subsequently, McCue and associates1 evaluated the design performance on a

cohort of diverse horse breeds based on across breed informativeness, as well as
overall genome coverage. The initial panel of 60,000 SNP probes were assessed
in 354 horses representing 14 breeds (Andalusian, Arabian, Belgian, Franches-
Montanges, French Trotter, Hanoverian, Icelandic, Mongolian, Norwegian Fjord,
Quarter Horse, Saddlebred, Standardbred, Swiss Warmblood, and Thoroughbred),
yielding 54,602 probes that reliably produced consistent genotypes (91% conver-
sion rate). The average spacing between SNPs across the autosomes was 43.1
kb, with only 12 regions larger than 500 kb. Among the breeds, approximately
one-half (26,473) of the SNPs were polymorphic across all breeds, and between
43,287 and 52,085 SNPs were polymorphic within each breed. The number of infor-
mative SNPS (minor allele frequency of >5%) varied between 37,053 and 47,669,
with 17,428 SNPs that were informative in all 14 sampled breeds. Because the
SNP discovery cohort was heavily biased to the breed of the reference genome
(Thoroughbred), the SNP selection process included a breed balancing step that
prioritized SNPs that were observed to be polymorphic in 1 of the 7 additional
breeds.3,4 More than two-thirds of SNPs were identified exclusively in 1 of the 7 alter-
native breeds, and the remaining SNPs were present in at least 1 alternative breed as
well as Twilight.1
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Equine SNP70 BeadChip Design

Shortly after the initial design of the Equine SNP50 BeadChip, the commercial provider
of the assay replaced the technology with an updated array containing 65,157 SNP
markers. The design of this array represented an extension to the larger, first-
generation design with an opportunity to address some of the gaps in coverage,
although without the massive SNP discovery stage. In addition to approximately
45,000 informative markers from the SNP50 BeadChip with a minor allele frequency
of greater than 0.005 in the 354 horses used for validation of the SNP50 chip, an addi-
tional approximately 20,000 SNPs were needed to reach 65,000. Because there were
insufficient SNPs discovered from the original 7 discovery breeds suitable for array
design,5 an additional approximately 3900 SNPs discovered from Twilight alone
were included as well as approximately 2800 SNPs from RNASeq data6 were
included. Despite a limited SNP discovery stage, this incremental update yielded an
average of one SNPs per 35-kb window, substantially increasing the density of the
array, especially in places with known gaps in the previous design as well as the
equine major histocompatibility region and X chromosome.
Equine MNEc2M and MNEc670K Axiom Array Design

An increased number of available short-read based whole genome sequences (WGS),
coupled with advances in chip based genotyping technologies, prompted a massive
SNP chip redesign in February 2017 that produced 2 new arrays, the MNEc2M and
MNEc670k arrays. Despite changes in genotyping platform technologies, from
Illumina-based Infinium to Affymetrix-based Axiom (Affymetrix, Santa Clara, CA), the
MNEc2M and MNEc670k Axiom arrays overall followed a similar design process as
previous generation arrays, with several major exceptions. The eventual selection of
670,805 SNPs to be included on the commercially available MNEc670 K array fol-
lowed a 6-stage filtering process.2 Within this selection process, a limited edition
test array containing 2,001,826 SNPs (MNEc2M) genotyped on a test cohort of 332
horses was used to inform the design of the commercially available MNEc670k array.
This multistage design process allowed for a finer tuned SNP selection process and an
overall higher quality final product because the SNP conversion rates, breed represen-
tation, and imputation accuracy from the MNEc2M test array were informative for se-
lection SNPs selected for the MNEc670k array.2

SNP discovery was significantly expanded, includingWGS from 154 individuals rep-
resenting 24 distinct breeds.2 In total, approximately 23 million SNPs were discovered
from WGS, of which approximately 10 million were candidates for array design based
on the ability to reliably design an oligonucleotide probe. A set of approximately
5 million SNPs selected for probe design were identified based on backward compat-
ibility with the approximately 74,000 SNPs on the legacy (54,000/65,000) arrays, even
genome distribution, informativeness among the 24 discovery breeds, and low linkage
disequilibrium (LD). This set of 5 million SNPs was evaluated and scored by Affymetrix
(now Thermo-Fisher Scientific) for probe design feasibility. A set of 2,001,826 SNPs
were then filtered based on their recommendation as well as a greedy selection algo-
rithm targeting approximately 37 SNPs per 50-kb window. Furthermore, all SNPs
within the equine major histocompatibility were automatically included. These filtering
steps resulted in the 2 million SNPs used to build the MNEc2M test array.2

A cohort of 347 horses were genotyped on the MNEc2M test array to validate SNP
conversion and provide information for selecting the final set of SNPs used on the
more affordable MNEc670k array. After quality control of SNP probe clustering quality,
1,846,988 SNPs remained. As previously seen during the design of the 54,000
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BeadChip, SNPs that were discovered in more than 1 breed group were more likely to
produce high-quality genotypes. Genotypes at the approximately 1.8 million SNP sites
from the 347 genotyped horses were combined with WGS genotypes to identify
tagging SNPs, thus allowing for efficient reconstruction of genomic haplotypes (impu-
tation) both within and across breeds. In total, 355,903 tag SNPs were included that
tagged haplotypes across breeds as well as 206,822 tag SNPs that were informative
in 5 or more of the 15 tagging breeds. Finally, 7394 SNPs within the major histocom-
patibility region were included, 16,398 SNPs were added to increase SNP density in
50-kb windows with fewer than 8 SNPs, and 70,295 SNPs were included owing to
backward compatibility with previous SNP50 and SNP70 arrays. In total, these
670,805 SNPs represent the MNEc670k commercial array.

USEFULNESS IN ASSOCIATION MAPPING

One of the main applications of SNP chips is rapid genotyping of large cohorts of in-
dividuals to map a trait of interest. Each generation of genotyping assay has increased
the number of available SNPs as well as the number of breeds where SNPs have been
evaluated for informativeness. Genome-wide LD analysis of both the SNP50 array as
well as the MNEc2M array have demonstrated general as well as breed-specific utility
for genome wide association mapping.1,2 Fig. 1 shows a composite plot, summarizing
the LD decay for the SNP50 chip and the MNEc2M chip as reported by McCue and
colleagues1 and Schaefer and colleagues,2 respectively. In general, for both chips,
the initial LD decays rapidly across all breeds dropping to approximately 0.2 within
50 kb; however, breed-specific patterns of LD show higher r2 values up to a megabase
away.
To date, the SNP50 Chip has been used to map many different traits, often times

focused on specific breeds. Studies have included: osteochondrosis in Norwegian
Standardbred7; palmar/plantar osteochondral fragments in Norwegian Standardbred
Trotters8; hoof wall separation disease in Connemara Ponies9; “splashed white” and
other coat color phenotypes Quarter Horses10; sprinting ability and racing Stamina,11

optimum racing distance,12 osteochondrosis,13 and impaired acrosomal reaction of
sperm14 in Thoroughbreds; height and conformation in Franches-Montagnes15;
Fig. 1. LD decay measured by average r2 between markers from two iterations of the equine
genotyping array: (A) SNP50 BeadChip (McCue et al. [1]) and (B) MNEc2M Axiom array
(Schaefer et al. [2]). (From [A] McCue ME, Bannasch DL, Petersen JL, et al. A high density
SNP array for the domestic horse and extant Perissodactyla: utility for association mapping,
genetic diversity, and phylogeny studies. Georges M, ed. PLoS Genet. 2012;8(1):e1002451; [B]
Schaefer RJ, Schubert M, Bailey E, et al. Developing a 670k genotyping array to tag w2M
SNPs across 24 horse breeds. BMC Genomics. 2017;18(1):565; with permission.)
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semen quality traits16 and equine recurrent uveitis17 in German Warmbloods; guttural
pouch tympany in both Arabian and GermanWarmblood Horses18; and stallion fertility
in Hanoverian Warmblood horses.19 The SNP50 chip has also been used to concur-
rently compare multiple breeds, including body size,20 equine arteritis,21 and recurrent
laryngeal neuropathy.22

Similarly, several association studies used the SNP70 array, examining such traits
as osteochondrosis in Standardbreds23; body weight in Japanese Thoroughbred
racehorses24; gait25 and heritable temperament variation in the Tennessee Walking
Horse26; and height in Shetland Ponies.27

Combined SNP50/SNP70

The equine SNP70 array was released shortly after the SNP50 array, leading to several
studies using both platforms. This posed some additional complexity owing to
different slightly different SNP sets between the arrays, requiring either strict filtering
or imputation (see section on Imputation elsewhere in this article). Studies that
included both the SNP50 and SNP70 array include those examining: equine
herpesvirus type 1–induced myeloencephalopathy susceptibility,28 susceptibility to
immune-mediated myositis in Quarter Horses,29 and osteochondrosis in multiple
horse breeds.30

MNEc670k/MNEc2M

The development of the MNEc2M and the commercial release of the MNEc670k array
have led to recent studies that have been able to use a much larger SNP set. Similar to
the increase in markers seen in the release of the SNP70 array, studies using the
MNEc2M and MNEc670k arrays often use genotype imputation to further leverage
existing data in previous generation arrays. Using the larger SNP set available in the
newest generation SNP chip, studies often are able to use a more complex study
design and analyze more complex biological problems, such as expression quantitate
trait loci, heritability, and pleiotropy. Recently published studies include: expression
quantitate trait loci discovery and their association with severe equine asthma in Eu-
ropean Warmblood horses,31 SNP-based heritability and genetic architecture of tarsal
osteochondrosis in North American Standardbred horses,32 evaluation of an HMGA2
variant for pleiotropic effects on height andmetabolic traits in ponies,33 and heritability
of metabolic traits associated with equine metabolic syndrome in Welsh ponies and
Morgan horses.34

POPULATION GENOMICS

In addition to mapping specific traits of interest, genotyping arrays have also been
used to characterize and compare populations of individuals. Depending on the study
design, population genomics applications of the array characterized SNPs in a single
breed,35–37 directly compared 2 distinct breeds,38 or simultaneously compared many
different breeds.39,40

Population genomics studies leveraging use of equine SNP arrays can be further
categorized by the type of analysis that was performed, focusing in on the type of anal-
ysis used. Several studies examine runs of homozygosity in and across breeds.41–43

Furthermore, more sophisticated approaches can be used to compare populations
of individuals and can also be used to identify regions or even genes undergoing
selection. For example, Avila and colleagues44 imputed SNPs from the SNP70 array
to 2M SNPs in a cohort of 143 elite Quarter Horses representing 6 different subpop-
ulations to identify signatures of selection among the different horse performance
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types. SNP imputation was crucial in this study for identifying the boundaries of re-
gions and haplotypes of interest from a smaller number of input SNPs, as well as
for delineating the candidate genes within each region for downstream pathway and
functional analysis.

Domestication and Breed Origins

SNP array-based studies have also been used in examining the historical migration
and domestication of the modern-day horse. Jónsson and colleagues45 examine
the gene flow among equids in early speciation and Schubert and colleagues46 char-
acterize prehistoric genomes, demonstrating the effects and aftermath of domestica-
tion. Other studies focus on unraveling the origins and historical foundations of
specific breeds including the Persian Arabian horses in Iran,47 the Debao pony,48

coastal indigenous horses49 in China, and the Jeju horse in Korea,50 as well as breeds
of horses across Europe and the Near East.51
IMPUTATION

SNP imputation has been a popular strategy to statistically infer genotypes based on
haplotypes that are present in a larger reference population. The reference group of
haplotypes are inferred based on individuals exhibiting runs of homozygosity (ie,
they have 2 copies of the same haplotype) or inferred via expectation maximization al-
gorithms or hidden Markov models.52 Imputation using a reference population allows
for efficient phasing of SNPs from genotyping technologies, such as SNP chips, that
are unable to resolve which strand an allele came from. Imputation is also a popular
strategy to infer missing genotypes based on haplotype information from the individual
(ie, if an SNP is missing, the allele can be inferred from its haplotype).
Although the SNP50 and SNP70 arrays were not explicitly designed for genotype

imputation, several studies used imputation, using the legacy arrays in several
different scenarios. Corbin and colleagues53 imputed a very low density panel
(1000–3000 markers) to the SNP70 marker set in Thoroughbreds. Frischknecht and
colleagues54 evaluated the possibility of imputing markers from the SNP50 BeadChip
to WGS (approximately 13 million SNPs) in Franches-Montagnes horses, a breed with
a low effective population size and high genetic relatedness. The study demonstrated
the feasibility of imputing from 54,000 to WGS level marker sets with approximately
95% accuracy after correcting for admixture as well as possible annotation errors in
EquCab2. McCoy and colleagues55 used imputation to combine data from individuals
genotyped on different arrays, leveraging a high number of shared SNPs between the
arrays (approximately 45,000). The study reports an average imputation accuracy of
94.8% on a cohort of 248 horses from 3 breeds (Quarter Horse, Standardbred, and
Thoroughbred), noting that breeds with longer LD resulted in more accurate imputa-
tion, likely in part owing to fewer number of possible haplotypes.
In contrast with previous arrays, the MNEc670k array was deliberately designed to

facilitate genotype imputation to the larger MNEc2M SNP set, as well as to WGS. To
decrease the burden of cross-platform imputation and to better leverage existing
SNP50 and SNP70 data the MNEc670k SNP chip was designed to be fully backwards
compatible with all previous SNP chips. Reference populations generating using the
MNEc670 K or MNEc2M can be used to impute datasets generated using the
SNP50 or SNP70 arrays. Chassier and colleagues56 examined this feature on a cohort
of 4693 horses representing 5 groupings of horse breeds by imputing legacy SNP data
to the MNEc670k SNP set, achieving an overall imputation concordance of greater
than 97%.
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As presented earlier, SNPs present on the MNEc670 K array were selected to tag
haplotypes present in the reference population of 485 horses representing 24 breeds
used to design the chip. The strategy in designing the chip for imputation was to iden-
tify SNPs that tagged haplotypes using multimarker r2 statistics. Tagging SNPs were
prioritized on the MNEc670k SNP chip based on their ability to tag common haplo-
types shared across populations as well as to discern haplotypes common only in a
subset of breeds. As described by Schaefer and colleagues,2 imputation accuracy
from the MNEc670 K to the MNEc2M SNP set was evaluated using a cross-
validation strategy. Imputation accuracy ranged between 96.6% and 99.4% among
the 15 breed groups tested. Although these imputation accuracies may be slightly
inflated owing to the lack of an independent dataset (all the data were also used to
inform the SNPs selected on the SNP chip), several studies since have performed
imputation on independent cohorts showing a high accuracy in imputations. As
demonstrated in other species, the prevalence of larger reference populations along
with better estimates of allele error rate, average haplotype length, and effective pop-
ulation size will further increase imputation accuracy.57 These types of data are now
being systematically measured in the horse. Recently, Beeson and colleagues58

used SNPs from a cohort of 485 horses genotyped on the MNEc2M SNP chip to es-
timate fine scale recombination rates both the entire cohort as well as 12 specific
breeds.
FORWARD COMPATIBILITY WITH EquCab3.0

All equine SNP genotyping arrays were developed using EquCab2, a reference
genome assembly that was released in 2007.4 In 2018, an updated reference genome,
EquCab3, was publicly released,59 subsequently resulting in updated SNP orienta-
tions and positions across the 2 genome builds. Despite being developed with
EquCab2, theMNEc670k SNP chip used an extended reference genome that included
an additional 7850 unmapped contigs, designated as ChrUn2, generated from un-
mapped Twilight genomic DNA reads that were assembled de novo.2 The inclusion
of ChrUn2 was in anticipation that many of the unplaced contigs would be resolved
in the next, upcoming reference genome build. Additionally, during development of
the MNEc670k array, it was noted that 445,421 SNPs were found to have a 100%
alternate allele frequency, even including a large number of reads from Twilight, indi-
cating likely errors in the Sanger sequencing–based EquCab2 genome. These dis-
crepancies would certainly influence the ability to perform imputation. Frischknecht
and colleagues54 note a decreased imputation concordance on ECA12 compared
with other chromosomes and discuss the effects of incorrect positions in the reference
genome as a possible culprit.
Shortly after EquCab3 was released, Beeson and colleagues60 released a probe-

based remapping of the SNP coordinates of the SNP50, SNP70, MNEc670k, and
MNEc2M SNP sets. Although the coordinates and sequence of the reference genome
may have changed, the sequence used for the SNP probes of course remained the
same. The strategy used by Beeson and colleagues was to identify 100% sequence
match coordinates for the SNP the oligonucleotide probe hybridized with. This strat-
egy provided updated SNP coordinates for most probes (>95% in all SNP chips) in
addition to providing updated coordinates to many of the markers (37%,204%;
52.8%) from MNEc670k/MNec2M SNP sets that were included from Chrun2. Addi-
tionally, a small number of contiguous probes (blocks of 2 or more) were found to
be remapped to different chromosomes between assemblies as well as several inver-
sions based on strand flips, both representing errors in EquCab2 that were
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subsequently fixed in EquCab3. Although most of these SNP positions still need to be
validated by remapping WGS, the welcomed updates and corrections in EquCab3
should allow for more precision mapping and imputation given the currently available
equine SNP genotyping tools.
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